Uncooled antenna-coupled terahertz detectors with 22 ls response time based on BiSb/Sb thermocouples We report on fast terahertz detectors based on antenna-coupled BiSb/Sb thermoelements operating at room temperature. A response time of the thermocouples as low as 22 ls and a noise equivalent power of 170 pW= ffiffiffiffiffiffi Hz p at 1 kHz modulation frequency is measured in air at room temperature. The integration capability of these mass producible devices enables large-scale detector arrays for real-time terahertz imaging applications. Due to the fast response time, multiplexing of the detectors can be used to reduce the required readout circuits. A very promising compact and low-cost alternative to bolometers are uncooled thermocouples utilized for THz detection. This mass-producible technology can be largescale integrated to multipixel detector arrays, which allows for a compact cost-efficient layout of THz imaging systems. In comparison to bolometers, where a bias current is applied to the thermoresistive sensor element, thermocouples are based on the thermoelectric effect (Seebeck effect), where a thermoelectric voltage is directly generated. Therefore, no external bias is needed and the wiring complexity is reduced. The potential of uncooled antenna-coupled thermoelements as THz detectors was previously shown, reaching a response time of 150 ls (Ref. 13 ), which enables real-time operation of these devices. Even faster thermocouples would allow for multiplexing and thus reduce the required read-out circuits in large detector arrays.
The great advantage of bolometric and thermocouple THz detectors is the relatively easy scaleable detection frequency due to the fact that the thermoresistive as well as the thermoelectric effect are naturally broadband. Therefore, the same technology and materials, with matched sensor dimensions and antenna, can be used for different frequency bands.
The thermocouples presented in this paper are designed to achieve a small response time (thermal time constant s), which results in small sensor dimensions. In order to achieve adequate efficiency of the sensor elements, full-wave dipole antennas are used to maximize the effective sensor area and filter out thermal background radiation. The full-wave dipoles are matched to a design frequency of 812 GHz. This frequency was chosen because it is located in an atmospheric transmission window. One pixel consists of 8 thermocouples connected in series ( Fig. 1 ) in order to increase the antenna gain and, therefore, increase the active sensor area.
The fabrication process of the thermocouples is based on a 250 lm thick silicon substrate with 5000 X cm resistivity. The silicon wafer is electrically isolated on both sides by a thin silicon dioxide layer. Surface-micromachining is employed for the manufacturing of the thermoelement airbridge structures, which are built onto a sacrificial polyimide layer with 2.5 lm thickness. A pixel includes 8 sacrificial layer pads, one for each thermocouple air-bridge. After the patterning process, the sacrificial layer is covered with a 200 nm thick silicon nitride layer, deposited using plasmaenhanced chemical vapor deposition, with an intrinsic tensile stress of 40 MPa to avoid sticking problems. The process parameters for the deposition of such well-adapted Si x N y membranes for freestanding applications were studied in previous investigations. 14 (2013) thermal insulation between the sensing elements and the silicon substrate.
For the antenna structure as well as the interconnecting structure and bond pads, a 130 nm thick gold layer is used due to its high electrical as well as thermal conductivity. A full-wave dipole is used as antenna. Its geometry is welladapted to an operation frequency of 812 GHz. A nickel diffusion barrier layer is used for the intermediate connection areas between the antenna structure and the thermocouple legs. This layer is necessary to avoid an intermetallic reaction between the thermoelectric layers and the gold layer during fabrication.
A material combination of a bismuth-antimony alloy (BiSb) and antimony (Sb) is used for the thermoelectric high performance thermocouples, which act in combination with the antennas as the THz sensing structures. This material combination is well suited for sensor applications at room temperature. The thermocouples are arranged on top of the sacrificial layer and connected in series (thermopile). The Seebeck coefficient of the thermoelectric thin films is À100 lV/K for BiSb (Ref. 15 ) and þ35 lV/K for Sb (Ref. 16 ). For a high detectivity of the thermopile structure, the optimum BiSb alloy, i.e., Bi 0:87 Sb 0:13 with a thermoelectric figure of merit Z ¼ 0:
, is used as n-type material. To optimize the sensor performance, the resistance of the thermocouples, which acts as a load resistance, is matched to the impedance of the antenna. The resistance of a thermocouple is in the range of 250 X to 350 X. During operation, the power of the incoming THz radiation, which is absorbed by the antenna, is dissipated, thus generating a temperature increase in the thermally isolated load resistance. Due to the thermal gradient, a thermoelectric signal voltage is generated. After fabrication of the thermocouples, the sensing elements are passivated by a thin SiO 2 layer. Considering a low thermal mass to reduce the thermal time constant, a very thin SiO 2 layer is deposited by atomic layer deposition. Using this technique, the structures are covered perfectly by a thickness of only 25 nm. At the end of the fabrication process, the carrier membrane as well as the passivation layer is structured against a resist mask. After that, the polyimide sacrificial layer is removed completely by using an isotropic reactive ion etching oxygen process. Thereby, very thin and mechanically stable freestanding air-bridges with the thermocouples on top are obtained. The length of the obtained air-bridge structure presented in Fig. 1 (inset) is 30 lm and the width is 2 lm.
The Seebeck coefficients c p and c n of the p-type Sb and the n-type BiSb thermoelectric legs define the sensitivity S of the thermocouple. Furthermore, the thermal absorption , the thermal admittance A and n, the number of thermocouples connected in series are necessary to describe the sensitivity given in Eq. (1).
The thermal time constant s is coupled to the sensitivity by the thermal admittance 18 (Eq. (2)), which depends on the thermal capacitance C and the thermal conductance G.
Generally, it is desired to achieve a low thermal conductance in order to produce a high temperature gradient (high sensitivity) in the sensor structure, but this results in an increased thermal time constant s, since it scales reciprocal to the thermal conductance. This direct coupling of time constant and sensitivity by the thermal conductance is the trade-off of thermal terahertz detectors. 3 Considering this dependency, the optimal sensor layout is an agreement between sensitivity and response time. The micro-bridge structure presented in this paper has small sensor dimensions (small capacitance C) and provides high thermal insulation (small conductance G), whereby the thermal time constant of the structures is minimized.
An interesting parameter for the performance of a thermocouple, which takes into account this compromize between sensitivity and response time, is the dimensionless figure of merit M,
where R is the electrical resistance and T is the absolute temperature. The NEP, (Ref. 19) , which is in the case of thermocouples dominated by Johnson noise (NEP J ) given in Eq. (4). NEP T represents the temperature fluctuation noise.
Based on the ideal parameters of the thermocouple sensor, a theoretically expected sensitivity of 51 V=W, a thermal time constant of 16 ls, and a NEP of 39 pW= ffiffiffiffiffiffi Hz p for a single thermocouple in air are simulated. The thermal time constant and sensitivity determined for one thermocouple are also valid for the sensor pixel with 8 thermocouples connected in series, because the power applied to the whole device is the same than for one single thermocouple, which results in the FIG. 1. Complete antenna structure with interconnects and Ni diffusion barrier upon polyimide pads. A zoom of a freestanding BiSb/Sb air-bridge structure is presented in the inset (scanning electron microscopy).
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Huhn et al. Appl. Phys. Lett. 102, 121102 (2013) same output voltage. For this reason, these values are directly comparable with the time constant and sensitivity determined from the THz analysis of the sensor pixels. However, the NEP of a sensor pixel with 8 thermocouples is higher by the square root of 8 compared with the NEP of a single thermocouple. A purely electrical measurement was performed on a device with 8 thermocouples connected in series for a first analysis of the detectors. In these experiments ("AC-DC" measurement), an electric AC current is applied to the thermocouple air-bridge and induces a temperature gradient in the thermocouple. The generated thermoelectric DC voltage is measured in order to quantify the sensitivity. Thus, an electrically measured sensitivity of 26:7 V=W and a thermal time constant of 19 ls are measured for a sensor with 8 thermocouples connected in series. The figure of merit M calculated from the AC-DC-characterization is 0.0165.
The sensor pixels consisting of 8 single thermocouples are experimentally analyzed at 812 GHz using a narrowband electronic multiplier chain fed by an amplitude modulated radio frequency (RF) signal as illumination. The terahertz radiation is emitted into free-space using a horn antenna and focused onto the active sensor area of the thermocouple by a Teflon lens with a numerical aperture of 0.34. The power at the detector plane is 24 lW, calibrated using a large-area Thomas Keating power meter. A lock-in amplifier is used for the readout of the sensor signal in order to measure the output voltage as a function of modulation frequency over a frequency range of 40 Hz to 60 kHz with 100 ms integration time. The terahertz characterization of the devices was performed in air at room temperature.
The measured output voltage of the thermocouple based sensor pixel is displayed in Fig. 2 as a function of modulation frequency. The graph is a mean of 250 single measurements. The noise of the thermocouple sensor is measured by blocking the THz beam path. The measured noise includes not only the thermocouple noise but also the noise of the complete measurement chain and is constant over modulation frequency. The measured signal-to-noise ratio (SNR) is 38 dB at low modulation frequencies, and even at 60 kHz, the SNR is still 27 dB, which results from the fast response time of the thermocouples.
With a flat noise over modulation frequency and since the NEP is reciprocal to the sensitivity, the signal voltage graph of the thermocouple can be approximated by
The thermal time constant determined by fitting Eq. (5) to the measured signal voltage is s ¼ 22 ls. This is slightly higher than the simulated response time of s ¼ 16 ls and the response time of s ¼ 19 ls determined by the AC-DC-measurement, but corresponds with the À3 dB bandwidth of 12.5 kHz directly read from the measured signal graph. The sensitivity of the detectors is determined by dividing the detector output voltage by the incident illumination power on the active sensor area. The size of the active sensor area (A eff , Eq. (6)) is calculated using the gain g ¼ 9.8 of the antenna structure of a sensor pixel determined from a computer aided simulation of the antenna pattern. The antenna pattern exhibits side lobes into the substrate, which are 20 dB below the main lobe. The total power on the detector area is calculated using the intensity dispersion of the Gaussian beam.
Thus, a sensitivity of 26 V/W at 1 kHz modulation frequency is determined, which is slightly lower than the simulated sensitivity, but matches very well the sensitivity of 26.7 V/W determined by the AC-DC-measurement. In order to display the performance of the thermocouples, the measured NEP is given as a figure of merit in Fig. 3 air, it is observed that the NEP in vacuum is lower than the NEP in air, because the thermal conductivity of air degrades the thermal insulation of the air-bridge structure against the substrate. Due to the higher thermal insulation of the sensor structure in vacuum, not only the NEP is lower but also the thermal time constant is higher than in air. This can be observed in the steeper gradient of the NEP in vacuum compared to that of the NEP in air.
In conclusion, the fabrication process and THz analysis of antenna-coupled BiSb/Sb THz detectors based on thermocouples operating at room temperature with a response time as low as 22 ls and NEP comparable to state of the art detectors is presented. The NEP could be further improved at the expense of the thermal time constant by increasing the thermal insulation of the sensor structure. The measured response time is 10-fold faster than previously demonstrated. 13 This fast response time allows for multiplexing of the detectors in order to reduce the required readout circuits in large-scale detector arrays. The properties of these thermocouple based THz detectors pave the way for low-cost real-time THz imaging systems, which are easily scaleable towards higher frequencies.
